In free radical polymerization diffusion-controlled processes take place simultaneously to the normal chemical reactions. Despite extensive efforts to model such processes a consistent model for the design of a polymerization reactor has not yet been established. In this article a semiempirical model describing the conversion, polymerization degree, and molecular weight distribution ( MWD ) for the free radical polymerization is developed for the entire course of the reaction. The model includes the change of termination, propagation, transfer, and initiation rate. By simultaneous parameter estimation from the conversion and degrees of polymerization data the model parameters have been determined for isothermal polymerizations of methyl methacrylate ( MMA ) and styrene ( ST ) . The simulation results for the conversion, degrees of polymerization, and MWD are in good accordance with experimental data for suspension and bulk polymerization of MMA and ST up to very high conversions. The influence of diffusion on the propagation rate in case of polymerization of MMA is negligible compared to the influence of the cage effect on the radical efficiency; in case of ST polymerization both effects must be included in the kinetic model. The model presented is also tested for polymerizations conducted in the presence of solvent and / or chain transfer agents.
INTRODUCTION
efficiency and also contains the initial amount of initiator. Its application to other polymerization conditions, therefore, may not be possible. For exIn part I of this series it was shown that existing ample, in a semibatch polymerization with initiahigh conversion models are not suited to describe tor feeding, the functional dependence of k t on the both the polymerization degree and the converinitial initiator concentration will not hold true. sion data simultaneously. 1 Other models such as The parameters of the Kiparissides model have a that of Soong et al. 2 and Kiparissides et al. 3 seems physical meaning, but these are not available eito be more relevant and advantageous. But as it was discussed in part I of this series, the Chui ther for many monomer-polymer systems or for model does not consider the change of the radical other components like solvents. Therefore, some of the model parameters should be determined empirically from other measurements. Also, Ki-
THEORETICAL ASPECTS
following set of algebraic and nonlinear ordinary differential equations are obtained to describe the progress of the reaction and molecular weight deReaction Mechanism velopment: The reaction mechanism adopted in the model presented below consists of the well-known steps of initiation, propagation, termination, and trans- 
Transfer:
In these equations, Y j represents the weight fraction of component j, P n and P w the number P j / M r k tr , M M j / P 1 transfer to monomer and weight average degrees of polymerization, an overbar the integrated or cumulative value, and P j / S r k tr , S M j / P 1 transfer to solvent the superscript d the instantaneous value; M M and r are the molecular weight of the monomer P j / C r k tr , C M j / P 1 transfer to transfer agent and the density of the polymerization mix, respectively. The instantaneous number-average and 4. Termination:
weight-average degree of polymerizations are given by
(T* / k t l 0 )l 1 {T* / (k td / 0.5k tc )l 0 }l 0 (7) where I is initiator, R primary initiator radical, a the reaction order of the thermal initiation,
(T* / k t l 0 )l 1 (8) monomer, M j dead polymer with degree of polymerization j, P j the corresponding growing polymer radical, and k the relevant rate constants.
where T* denotes the total transfer term T* Å k tr,M M / k tr,S S / k tr,C C, and l 0 , l 1 , and l 2 are the zeroth, first, and second moments, respecKinetic Modeling tively, of the growing radicals; they can be calculated with the following equations: The detailed derivation of the corresponding kinetic models based on the above polymerization mechanism have been given elsewhere. 1, 18 Their
(9a) derivation is based on the application of the method of moments to the mass balances for each of the species present in the polymerization mix-
For a well-stirred batch reactor-applying the long chain hypothesis LCH for the monomer consumption and the quasi-steady-state approxi- The rate of polymerization R p and the initiation diffusion and rearrangement of radical chain ends to make collision of radical ends possible. Only rate r g are given by after the proper orientation of chain ends termination reaction can take place.
Analogous to most gel effect models our model development is also based on the above quantita-
tive description of the termination reaction as a three-stage process. At the early stage of polymerThe number-and weight-average molecular ization segmental diffusion or chemical reaction weights are obtained by multiplication of the coris the rate-determining step in the termination responding polymerization degrees with the moreaction, while at intermediate conversions the lecular weight of the monomer.
translational diffusion dominates the rate of terThe simultaneous numerical solution of the mination. The reaction diffusion takes place parabove equations through the use of a standard allel to all the above processes. The apparent terlibrary subroutine LSODA is a part of the parammination rate constant k t can be expressed as [4] [5] [6] [7] [8] eter estimation program P1 available in program package ''PolyReac e .'' The details of this parameter estimation program and the mathematical
/ k RD (11a) methods have been reported elsewhere. 21 The numerical values of the initial kinetic rate constants and the physical and transport properties of the MMA-PMMA and ST-PS system are reported in
The molecular weight dependence of the trans- 
, where V f i0 Å 0.025. In order to calculate the ''reaction diffusion'' or residual termination rate constant k RD , Russell et According to eq. (13) k t 0 formally depends on al. 9 proposed two different models based on the the molecular weight of the dead polymer. At low chain flexibility. Soh and Sundberg 10 used the conversions, this effect is negligible. Using eq.
swept out volume theory to develop a model for (13), the sought intrinsic termination constant k RD . All models assume that k RD is proportional k tR can be calculated according to eq. (14):
to the frequency of the monomer addition to the radical end. For the analogue we use the following equation to calculate k RD 5,7,9,10 : (12) is assumed to be true at t Å 0:
To determine the proportionality parameter A, Soh and Sundberg 10 provide one single equation; on the other hand, Russell et al. 9 derive two equa- and flexible chains. In the present work the value of A is set equal to 1 after investigation of experimental data. We RD find a good agreement between model and experiment for other reaction systems also. The diffusion term in the initial stage of the polymerization has no effect on the conversion or (16) on the average degrees of polymerization P n and P w . The use of the initial values in eq. (16) is with necessary for the mathematical handling of the differential equations in the model simulation. Note that it is also possible to formulate other tion reaction becomes diffusion controlled. The apsions also will become diffusion controlled has not been properly appreciated. parent propagation rate constant k p is now expressed in terms of the intrinsic propagation rate
The two reactions-free radical propagation and transfer to monomer-are competitive bimoconstant k pR and a diffusion term k PD accounting for the diffusional limitations of the propagation lecular reactions, which are supposed to require the same diffusive steps. According to this hypothreaction:
esis the influence of the diffusion controlled process should be the same in both cases. Therefore,
the ratio of the rate constants of the chain transfer and propagation reactions should be constant throughout the entire polymerization range. The translational diffusion depends on the free Thus, to model the rate constant for transfer to volume of the reaction medium in the following monomer k tr,M we can use the same type of equamanner:
tion as for the propagation rate constant, 10 i.e., the changeover from chemical to diffusion control will occur at the same conversion for both transfer
and propagations:
By using the initial conditions in eqs. (18) and
We propose for the diffusion-controlled transfer reactions for transfer to chain transfer agents and 1
(20) solvent molecules-if the volume of the molecules are of the same orders of magnitude-the following simplified equations for transfer to chain where transfer agent:
and for transfer to solvent: Substitution of eqs. 
Note that for a large difference in a molecular
shape and size between the monomer molecule and the transfer agents then there may be different values for the parameters g5 and g6 in both cases. The glass effect function of the propagation rate can now be given according to eq. (23) by
Rate of Initiation
For modeling the change of the radical efficiency during the course of the polymerization we proposed the following empirical equation 23 :
To achieve a uniform nomenclature in our sim-
(27) ulation model we set the adjustable model parameters as g3 Å k TD0 , g4 Å n, and g5 Å K PD0 .
Rate of Chain Transfer Reaction

RESULTS AND DISCUSSION
In polymer kinetics the encounter pair model has widely been applied to bimolecular termination
In the above given model, there are six adjustable model parameters g1 to g6. The higher the numand free radical propagation. However, the possibility that the transfer reaction at high converber of adjustable parameters the larger will be draw conclusions to which of the models is the g2 is not needed. We will compare these three better one. models by adjusting the model parameters to exIn the next step for the three models above siperimental data of conversion and the average demultaneous parameter estimation will be applied grees of polymerization simultaneously. This systo conversion and degree of polymerization data tematic comparison of the influence of f and kp for the polymerization of MMA conducted with in the diffusion-controlled regime gives us infor-0.3 wt % AIBN and at 70ЊC. Figure 2 give the mation on the polymerization processes at high simulated curves and the experimental data for conversions. In the literature, various expressions all three models. Note that our Kt-Kp model in describing the molecular weight dependence of this case differs from the conventional ones self-diffusion coefficient have been reported. through the incorporation of the dependence of These expressions obey the following general relathe transfer rate constant on conversion and that tion:
we obtain a better agreement between model and experiment than that for the Panke-Stickler-
Hamielec model as discussed in part I. 1 However, from the polymerization degree-time curve it is clear that the model predictions of the degrees Bueche 8 proposed a value for n Å 3.5 for the of polymerization, P n and P w , are lower than the case of diffusion of large entangled macromoleexperimental data, especially above 40% monocules. Marten and Hamielec 6 have used a value mer conversion. On the contrary, the Kt-f model of 0.5 and 1.75 and assumed M represents the shows almost the same good approach to the excumulative weight-average molecular weight. In perimental data as that of the general model. This the context of the reptation theory, various invessupports the importance of the incorporation of tigators have proposed a value of n Å 2. For all the change of the radical efficiency in modeling of the above three cases we have varied model pahigh conversion polymerization, in case converrameter g4 and found g4 to be constant and indesion and degrees of polymerization are being modpendent of the reaction temperature, but deeled simultaneously. It should be noted that the pending on the type of monomer. For the polymerrate of propagation at high conversions is diffuization of MMA and ST the values of g4 were sion controlled, but that its influence on describfound to be 1.0 and 0.25, respectively. The exing the conversion and degree of polymerization treme deviation of these numerical values can be is lower than that of the rate of initiation. The explained with the very large confidence intervals maintaining of the radical efficiency f constant that have been found for this mathematical strucover the whole range of conversion ignores an imture. Thus, we have five, four and three adjustable parameters for the cases 1, 2, and 3, respectively. portant kinetic process. Kt-f model or the general Kt-Kp-f model to be tremely improve the model if ''nonimportant'' kinetic steps are neglected. This also leads to the used, but never the Kt-Kp model. For the description of the MMA polymerization it seems to be conclusion that the kp correlation seems to be ''nonimportant.'' enough to use the Kt-f model, which contains only three adjustable parameters.
For the modeling of the polymerization of MMA we select the Kt-f model. As a next step from isoFrom a mathematical point of view, confidence interval (CI) analysis can also serve as a criterion thermal experiments conducted at different temperature of 50-90ЊC we determine the temperafor the model selection. The CIs of the parameters of the kt-kp-f and the kt-kp model are very large ture dependencies of the model parameters by simultaneous parameter estimation applied to the and in the same order of magnitude. Contrarily, the CIs of the kt-f model are only about 30% of conversion and degrees of polymerization data.
The numerical values obtained of the adjusted pathe both other models. This shows that reducing the number of adjustable parameters can exrameters are given in Table III . Both g1 and g3 are parameters for describing the termination temperature independent and constant, whereas g2 increases with the reaction temperature. We rate constant k t , whereas g2 is used for the rate of initiation, i.e., to describe f. g1 appears to be have used the mean value of g1 Å 1.8254 throughout this work. For g2 the following temperature dependence was obtained: conversion and degree of polymerization data model describes well the thermally and AIBN-initiated isothermal bulk and suspension polymerwere determined using a GPC as mentioned elsewhere.
14 Using the Kt-f model, the simulated conization of styrene and MMA, conducted in the temperature ranges of 70-200ЊC and 50-90ЊC, version-time curve differs from the experimental one, especially at very high conversions, while for respectively. the degrees of polymerization prediction and experiment are in good agreement. This may indiApplication to Bulk and Suspension Polymerization cate that the Kt-f model may not be able to deof MMA scribe these experimental results. Therefore, we use the general model in order to correct for these For the industrial application it is very important discrepancies. The result of fitted parameters are to investigate the flexibility of the model towards now varying operational conditions. Among the many operational variables in polymerization reaction g1 Å 0.32; g2 Å 0.148; g3 Å 1.4382 1 10 9 , engineering variation of the type of initiator, the g5 Å 9.14 1 10 4 and g6 Å 0.21 use of a chain transfer agent CTA, and/or a solvent and the reaction temperature are the most The comparison of simulated and experimental important ones to control the polymerization proresults is shown in Figure 5 . There is a good agreecess and the product quality. In this section rement between model and experiment. For this sults are presented for a change of the type of temperature range the parameters are not siginitiator and the concentration of the CTA. nificantly dependent on temperature.
For the thermally initiated polymerization of Results on Lauryl Peroxide (LPO)-Initiated Bulk styrene 15 in the temperature range of 100 to Polymerization of MMA 200ЊC above the gals transition temperature of polystyrene of Tgp Å 100ЊC it was found that the In general, for a polymerization conducted by only changing the type of the initiator, it is expected parameters g1 Å 0.32 and g3 Å 1.4 1 10 9 describe the conversion-time histories well, despite small that only the specific parameters of the initiator, k d , f 0, g2, will be different in the kinetic equadifferences in the degrees of polymerization in Figure 6 .
tions was determined by dilatometry. 17 At the initial is demonstrated in Figures 8-11 . Figure 8 illusstage of polymerization there is no difference betrates the variation of the monomer conversion tween the experiments conducted with 0.1 and with time and the weight-average degree of poly-0.2, as well as 0.5 and 1.0 wt % LPO. This discrepmerization against monomer conversion for the ancy most likely is due to the large experimental AIBN-initiated bulk polymerization of MMA, conerror at low conversions. The value of g2 for LPO ducted at 70ЊC at different concentrations of CTA is greater than that for AIBN. This may be due of 0.2-0.8 wt % as well as the corresponding calto the fact that the molar volume of the LPO radiculations. The monomer conversion was detercal is larger than that of the AIBN radical; consemined gravimetrically and the MWD of the polyquently, the AIBN radical can diffuse faster out mer by GPC. The predicted and experimental of the cage. This shows us the only parameters to values of the conversion agree within the experibe reestimated for a diffusion-controlled polymermental error. The experimental and simulated reization is the initial radical efficiency and g2, if sults of the average degree of polymerization also the initiator is changed for the same polymerizaagree well for low concentrations of the CTA, but tion.
starts to deviate at increasing concentrations of CTA. This may be due to fact that the low molecuThe AIBN-Initiated Polymerization of MMA lar weight polymer is not completely isolated uswith a CTA ing a gravimetrical method. The polymer, isolated by precipitation, has a higher molecular weight Chain transfer agents (CTAs) affect not only the than the polymer without precipitation. Furthermolecular weight of the resulting polymer but also more, the monomer conversion obtained by prethe magnitude and the onset of the gel effect. It cipitation is lower, because the low molecular has been pointed out that an increase in the conweight species remain in solution. centration of the CTA delays the onset of the gel In case of the suspension polymerization the effect and reduces its magnitude. Moreover, the monomer conversion and MWD were determined presence of a CTA in the system may modify the by GPC as mentioned elsewhere. 18 In Figure 9 , final conversion of the polymer obtained. ment and model is good for the monomer converancy in the degree of polymerization between experiment and simulation increases. An explanasion and the average degree of polymerization.
To test the applicability of the presented model tion could be given as follows. During the course of the polymerization the viscosity of the reaction to semibatch reactor operation, 0.4 wt % of CTA were injected during a suspension polymerization mixture in the particle increases, which leads to a reduction of the diffusivity of the CTA from the of MMA at different reaction times. 18 In Figure  10 both experimental and predicted results are water phase to the organic phase and the concentration of the CTA in the organic phase becomes shown. For the injection of CTA at t Å 0 there is a good agreement between experiment and model. relatively low. As a result, polymers with a high molecular weight will be produced. In the preIf the moment of injection increases, the discrep- sented reactor model this mass transfer effect has from calorimetric measurements, are discussed elsewhere.
18 not been implemented. To demonstrate this the concentration of the CTA was doubled to 0.8 wt % at the moment of injection of 30 min. At this point it was expected that the increasing concen-
CONCLUSION
tration of the CTA in the water phase should accelerate the mass transfer rate due to an increasWe have developed a semiempirical model for the description and prediction of free radical chain ing driving force, leading to the formation of polymers with shorter chain lengths. Figure 11 clearly polymerization processes. This model incorporates the diffusion processes from the beginning shows this effect. In this case, both the experimental and simulated average degree of polymerizaof the reaction; hence, it does not require the introduction of artificial break points for diffusion tion are in good agreement. Other applications of the presented model, for example, for nonisotherlimitations. The model also incorporates the change of all rate parameters due to the increase mal polymerization processes, for the optimization of the MWD and for comparison with data of conversion. 
